Lysyl oxidase (LO; protein-6-oxidase [EC 1.4.3.13] ) is the key enzyme that controls collagen and elastin maturation (53, 62) . LO catalyzes the oxidative deamination of peptidyl lysine and hydrolysine to peptidyl-␣-aminoadipic-␦-semialdehyde in elastin and collagen chains. The consequent aldehydes lead to a spontaneous condensation forming inter-and intrachain cross-links. This posttranslational modification of extracellular matrix molecules plays a very important role in collagen and elastin structural aspects and possibly in triggering still-unknown signal transduction pathways. Several reports have suggested a clear association between organ fibrosis and increased LO activity (10, 31, 64) . The most intriguing aspect regarding LO activity relates to its putative cell phenotype control and tumor suppressor activity. LO was identified as a "ras recision gene" (rrg), and levels of LO are decreased in cells transformed by ras or ras-dependent oncogenes (12, 34, 39) . Furthermore, Friedman and coworkers showed that ras-transfected NIH 3T3 cells induced to revert by beta or gamma interferon would return to their transformed phenotype upon transfection with an antisense LO vector, and retransformation did not affect p21 ras levels (12, 34) . In many naturally occurring and oncogene-induced tumors, LO is downregulated, and LO was induced concomitantly with reversion (12, 24, 26, 27, 34, 39) .
Recently, nuclear factor-B (NF-B)/Rel factors have been strongly implicated in the regulation of cell growth and neoplastic transformation (25, 54) . For example, our laboratory demonstrated a direct role of NF-B/Rel in the ability of transformed hepatocytes and breast cancer cell lines to grow in soft agar (3, 59) . NF-B is a family of dimeric transcription factors with subunits that contain an approximately 300-amino-acid NH 2 -terminal stretch, termed the Rel homology domain, that shares homology with the v-Rel oncoprotein (4) . The mammalian members of the NF-B/Rel family are p65 (RelA), RelB, c-Rel, p50 (NF-B1), and p52 (NF-B2). Only p65, RelB, and c-Rel have carboxy-terminal transactivating domains, and classical NF-B is composed of p50 and p65 subunits (5, 71) . NF-B is ubiquitously expressed; however, in untransformed non-B cells, it is sequestered in the cytoplasm with specific inhibitory proteins termed IBs, of which IB␣ is the best characterized (73) . The IB kinase complex consists of two IB kinases, IKK␣ and IKK␤, and a 48-kDa essential component, alternatively termed IKK-associated protein 1 (IKKAP1), NF-B essential modulator (NEMO), or IKK␥ (47, 60) . Activation of the IB kinase complex is mediated via phosphorylation of either IKK␣ and/or IKK␤ (17, 46, 55, 77) . IB␣ is then recruited in the IB kinase complex, with which it is phosphorylated by the functional IKK␣-IKK␤ heterodimer at serine residues at positions 32 and 36. This phosphorylation is followed by ubiquitination and rapid degradation through the proteasome pathway (8, 11, 17) , allowing for translocation of the released NF-B to the nucleus (4) .
Several oncogenes are able to promote the degradation of IB␣ and to activate NF-B/Rel, including ras and HER2/neu (3, 52) . Our laboratory recently showed that in rat liver epithelial cells oncogenic ras mediates NF-B activation via two distinct pathways, phosphatidylinositol 3-kinase (PI3K) and Raf/MEK, leading to the activation of IKK␣ and IKK␤, respectively (3) . Since the transformation mediated by ras has been related, in part, to its ability to activate NF-B (3, 21, 22, 29, 44) , we tested here the hypothesis that LO overexpression leads to the inhibition of ras-induced NF-B. We demonstrate that ectopic LO expression in ras-transformed NIH 3T3 cells inhibits NF-B binding and activity and leads to reversion of the transformed phenotype, effects comparable to the effects of IB␣. Inhibition of NF-B was mediated by decreasing IB␣ turnover and IKK activity via potent and moderate inhibition of the PI3K/Akt and Raf/MEK signaling pathways, respectively. Overall, these findings suggest that the tumor suppressor effects of LO are due to its ability to inhibit NF-B activation by Ras, suggesting a potential clinical role for LO in the treatment of ras-induced cancers.
Gaithersburg, Md.) and [␣-32 P]dCTP (Amersham Pharmacia Biotech, Buckinghamshire, United Kingdom). Samples of nuclear extracts (2 to 3 g), prepared as previously described (28) , were incubated in sample buffer [0.4 g of poly(dIdC), 0.1% Triton X-100, 0.5% glycerol, 0.8 mM dithiothreitol, 2 mM HEPES (pH 7.5)] and adjusted to 100 mM KCl in a final volume of 25 l. Then, 32 P-labeled URE probe (40,000 cpm, ϳ2 ng) was added to the mixture, followed by incubation for 30 min at room temperature. For supershift experiments, 2 g of antibodies to p65 (SC-372), p50 (SC-114), and RelB (SC-226X), purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.), or anti-c-Rel or anti-p52 (a generous gift of N. Rice; National Cancer Institute, National Institutes of Health, Frederick, Md.) was added, and the mixture was incubated overnight at 4°C prior to the addition of the labeled probe. Complexes were separated in 4.5% acrylamide gels as described previously (28) . Specific bands were quantified by densitometric analysis by using the Kodak Zoom digital camera model DC120 system and two-dimensional image analysis software.
Immunoblotting and antibodies. Whole-cell extracts were prepared in radioimmunoprecipitation assay buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate [SDS], 1% sodium sarcosyl, 1 mM dithiothreitol, 0.25 mM phenylmethylsulfonyl fluoride, 1 g of leupeptin/ml, 10 g of aprotinin/ml, 1 g of pepstatin/ml). The protein concentration was measured by Bradford assay by using the Bio-Rad reagent (Bio-Rad, Hercules, Calif.) according to the manufacturer's directions. Samples (20 to 50 g of protein) were resolved by SDS-10% polyacrylamide gel electrophoresis (PAGE) under reducing conditions, transferred onto polyvinylidene difluoride membranes (Bio-Rad), and stained with Ponceau red to verify equal loading. The membranes were incubated overnight at 4°C in TBS-T (50 mM Tris-HCl [pH 7.6], 200 mM NaCl, 0.1% Tween 20) with 2% bovine serum albumin. Proteins were detected by incubation with the specific antibody in TBS-T with 2% bovine serum albumin. After an extensive washing in TBS-T, a 1:1,000 dilution of horseradish peroxidase-conjugated protein G (Bio-Rad) was added for 1 h, and specific protein bands were visualized by using an enhanced chemiluminescence detection system (NEN Life Science Products, Boston, Mass.) according to the manufacturer's instructions. The antibody to IB␣ (SC-371) was purchased from Santa Cruz Biotechnology. The antibodies reagents for Akt (no. 9272), AktSer 473 P (no. 9271), and Erk-1/Erk-2 (no. 9102) were obtained from New England Biolabs (Beverly, Mass.). The antibodies to ␤-actin (A-5441) and P-Erk-1/PErk-2 (V803A) were from Sigma and Promega, respectively. The polyclonal antibody to c-Myc was kindly provided by S. Hann (Vanderbilt University, Nashville, Tenn.). Polyclonal anti-LO antibody (41) was generated in rabbits against rat LO peptide sequences 181 to 196 (YDTYERPRSGSRHRPG) and 293 to 309 (DEFSHYDLLDASTQRRV). The resulting anti-peptide antibody was affinity purified and directed against both of these sequences, which are highly conserved in rat, human, mouse, and chick LO.
IKK kinase assay. Kinase assays for IKKs were performed as previously described (59) . Briefly, immunoprecipitated IKK␣ or IKK␤ proteins were subjected to an IKK kinase assay in kinase buffer C (20 mM HEPES [pH 7.7], 2 mM MgCl 2 , 10 M ATP, 3 Ci of [␥-32 P]ATP, 10 mM ␤-glycerophosphate, 10 mM NaF, 10 mM p-nitrophenyl phosphate, 300 M Na 3 VO 4 , 1 mM benzamidine, 1 mM dithiothreitol, 2 M phenylmethylsulfonyl fluoride, 1 g of leupeptin/ml, 10 g of aprotinin/ml, 1 g of pepstatin/ml) at 30°C for 45 min in the presence of WT IB␣-glutathione S-transferase (GST) protein as substrate. The reaction was stopped by addition of 4ϫ SDS-PAGE sample buffer, subjected to SDS-PAGE analysis, and visualized by autoradiography.
Akt kinase assay. The Akt kinase assay was performed according to the directions of the Akt kinase assay kit (New England Biolabs). Briefly, samples (100 g) of whole-cell extracts were immunoprecipitated overnight with an agarose-conjugated anti-Akt antibody (New England Biolabs) at 4°C. The immunoprecipitated protein was resuspended in kinase buffer, and the assay performed at 30°C for 45 min by using 1 g of GSK3␣-GST fusion protein as substrate in the presence of 10 M ATP. The resulting products were resolved in a SDS-10% PAGE and subjected to immunoblotting, as described above, with a phospho-specific GSK-3␣ antibody. As a loading control, samples of the extracts used for kinase assay (20 g) were resolved by gel electrophoresis and subjected to immunoblotting with the Akt antibody.
Focus formation assay. After transfection with the indicated expression vectors, cells were plated, in triplicate, at 10 4 cells/ml in top plugs consisting of complete Ham F-12 nutrient mixture medium and 0.4% SeaPlaque agarose (FMC Bioproducts, Rockland, Maine). Plates were subsequently incubated for 14 days in a humidified incubator at 37°C, and colonies stained with 0.5 ml of 0.0005% crystal violet solution for 1 h and counted by using a dissecting microscope (ϫ50 magnification). Three random fields were counted from each triplicate samples, and average values presented Ϯ the SD. 
RESULTS
LO inhibits activation of NF-B by Ras. We first tested the possible effects of ectopic LO expression on NF-B activity in ras-transformed NIH 3T3 cells. Increasing concentrations of LO expression vector or of its empty parental vector DNA were cotransfected with an NF-B element-driven luciferase construct into normal (WT) and ras-transformed NIH 3T3 cells (RAS) under serum starvation conditions. Cells were then stimulated with the addition of FBS to a 10% final concentration for 72 h, and the luciferase activity was measured (Fig.  1A) . In WT cells transfected with empty vector DNA, serum stimulation led to a 3.4-fold induction of luciferase activity, whereas a 10.8-fold NF-B activation was seen in ras-transformed cells (Fig. 1A) . Transfection of increasing concentrations of LO expression vector decreased luciferase activity in a dose-dependent manner up to 1 g of DNA (Fig. 1A) . Transfection of 1 g of LO vector led to a total inhibition of serummediated activation of NF-B in WT cells and to a 3.0-fold reduction in ras-transformed cells (Fig. 1A) . Expression of LO was verified in cells transfected in the absence or in the presence of the LO expression vector (Fig. 1B) . Basal levels of LO were higher in WT cells than in RAS cells (Fig. 1B) , confirming that ras transformation leads to a drop of LO expression in NIH 3T3 cells, as described previously (12, 39) . As expected, an increase in the quantity of LO expression vector from 0.5 to 2 g led to enhanced levels of LO in both cell lines (Fig. 1B) . The expression of c-myc, a well-known target gene of NF-B (20) , was also analyzed by using an anti-c-Myc antibody on the same membrane (Fig. 1B) . Higher levels of c-Myc were found in RAS cells than in WT cells, a finding consistent with the higher NF-B activity in these cells (Fig. 1B) . Increased expression of LO in WT and RAS cells led to a dose-dependent decrease in c-Myc expression (Fig. 1B) . Immunoblotting for ␤-actin levels confirmed equal sample loading.
We then sought to determine whether LO is able to inhibit NF-B binding. Nuclear extracts were prepared from serumdeprived and serum-stimulated WT and ras-transformed cells transfected with control parental or LO expression vector DNA for 48 h (Fig. 2) . EMSA of nuclear extracts of serumstimulated WT and RAS cells indicated the presence of two bands ( Fig. 2A) . Antibodies against the five known members of the NF-B family were used to determine the nature of the NF-B complexes present. In both WT and ras-transformed cell lines, the p65 antibody specifically supershifted the upper complex ( Fig. 2A) . The p50 and p52 antibodies were also able to supershift both the upper and the lower complexes but not to the same extents. The p50 antibody essentially completely supershifted the lower band and reduced the upper complex, whereas the p52 antibody only partially affected the migration of these complexes ( Fig. 2A) . In contrast, neither the c-Rel nor the RelB antibodies affected the migration of the two complexes ( Fig. 2A) . Thus, these results indicate that in both WT and RAS cells band 2 upper complexes are composed of p65/ p50 and p65/p52 heterodimers, whereas band 1 seems to consist of p50 and p52 subunits apparently composed of p50 homodimers and p50/p52 heterodimers, and possibly p52 homodimers.
The effects of LO on the levels of NF-B DNA binding in WT and RAS cells were then analyzed (Fig. 2B) . NF-B complexes were barely detected in nuclear extracts of unstimulated WT cells (Fig. 2B) . Serum stimulation for 48 h greatly increased the NF-B binding activity ( LO-induced reduction in anchorage-independent growth of RAS cells can be rescued by p65/p50. We next tested the effects of LO and inhibition of NF-B on transformed phenotype of RAS cells by measuring growth in a soft agar assay. Specifically, the effects of transfection of LO and a serine-to-alanine 32/36 double mutant IB␣ (dn IB␣) on colony formation were compared. After 2 weeks, control RAS cells gave rise to about 250 to 350 CFU/cm 2 , whereas no foci were seen with WT cells, as expected (Fig. 3A) . Expression of either LO or dn IB␣ significantly reduced colony formation of RAS cells by approximately the same extent, i.e., 70 to 78% (Fig. 3B) . Interestingly, ectopic p65/p50 NF-B subunit expression partially reverted the ability of LO and dn IB␣ to reduce colony
FIG. 2. LO inhibits NF-B binding activity. (A)
Nuclear extracts from serum-stimulated WT or RAS cells were incubated overnight in the absence (Ϫ) or in the presence of 2 g of antibody to either p65, p50, c-Rel, p52, or RelB, as indicated, and subjected to EMSA with the URE NF-B element as probe. NF-B band 1 contains both p50 and p52 subunits as homodimers and/or heterodimers, whereas band 2 probably contains both p65/p50 and p65/p52 heterodimer complexes. ss, supershift. (B) WT or RAS cells were transfected with either 1 g of parental empty vector (Ϫ) or LO expression vector (ϩ) in 0.5% FBS. At 48 h after the addition of FBS to a final concentration of 10%, nuclear extracts were prepared and analyzed for binding of NF-B with the URE NF-B element as probe or of Oct-1 as control for equal loading. The NF-B bands 1 and 2 are noted. The films were subjected to densitometry, and the changes are expressed as the fold relative to stimulated WT cells.
FIG. 3. LO-mediated inhibition of oncogenic
Ras focus-forming activity can be overridden by ectopic NF-B expression. WT and RAS cells were transfected with 1 g of LO (ϩLO) or S32/36A dn mutant IB␣ (ϩIB␣) expression vectors or their parental empty vectors (EV; pSV40 and pRC ␤-actin , respectively) in 0.5% FBS. Alternatively, cells were cotransfected either with 1 g of p65 and p50 expression vectors (ϩp65/p50) or 2 g of their empty vector pMT2 (Ϫp65/p50). After 24 h, cells were plated in soft agar as described in Materials and Methods. (A) After 2 weeks, the colonies were stained with 0.0005% crystal violet and photographed by using a digital camera coupled to a dissection microscope. (B) The numbers of foci in panel A were determined, and the results are reported for RAS cells as the mean CFU/square centimeter Ϯ the SD of triplicates obtained in two separate experiments.
formation from 70 to 33% and 78 to 25%, respectively (Fig. 3) , whereas they did not increase the number in foci in RAS cells (Fig. 3A) . These findings strongly suggest that NF-B is a crucial mediator of the ras-induced transformation phenotype and that inhibition of NF-B is largely responsible for the ability of LO to block anchorage-independent growth of rastransformed cells.
LO does not directly inhibit NF-B activity. To determine whether LO inhibits NF-B activation or activity, WT and ras-transformed NIH 3T3 cells were cotransfected with the LO expression vector DNA or the empty parental vector DNA in the presence of vectors expressing p50, either p65 or c-Rel, and the NF-B element driven luciferase reporter (Fig. 4) . As seen above, the basal level of NF-B activity was 3.5-fold higher in ras-transformed cells than in WT cells and LO decreased NF-B activity in both WT and RAS cells by approximately the same extent. Overexpression of p65/p50 increased the luciferase activity in WT and RAS cells, and the addition of LO was no longer able to reduce NF-B activity (Fig. 4) . As expected, ectopic expression of p50 alone had no effect on NF-B activity (data not shown). The expression of c-Rel/p50, which resulted in a smaller increase in NF-B activity, was also resistant to the inhibitory effects of LO (Fig. 4) . Thus, the ability of LO to inhibit NF-B activity was counteracted by the overexpression of transacting NF-B members, indicating that LO probably inhibits an upstream signaling pathway(s) leading to NF-B induction.
LO increases IB␣ half-life. To begin to investigate the involvement of LO on upstream signaling pathways of NF-B activation, we measured the effects of LO on IB␣ half-life. WT and ras-transformed NIH 3T3 cells were transfected either with LO expression vector or its parental empty vector DNA. After 72 h, cycloheximide was added, and the expression levels of IB␣ evaluated by immunoblot analysis of total cell extracts Fig. 5A ) and rastransformed NIH 3T3 cells (Fig. 5B) . A progressive decay in IB␣ levels was noted as a function of length of the cycloheximide treatment in both cell lines transfected with the empty vector ( Fig. 5A and B) . Densitometry normalized to the levels of the control ␤-actin expression indicated that the half-lives of decay of IB␣ were approximately 79 and 138 min in WT and RAS cells, respectively (Fig. 5C ). In cells expressing LO, an increase in the IB␣ half-life was noted ( Fig. 5A and B) . Densitometric analyses indicated that the half-life of IB␣ was about 439 min in RAS cells expressing LO (Fig. 5C ), whereas a half-life of decay of greater than 10 h was seen in WT cells (Fig. 5C) . Extrapolation of the curve for these cells estimated a half-life of approximately 16 h in WT cells expressing LO. Consistent with these changes, a marked decrease in the phosphorylation of IB␣ was noticed in the presence of LO (data not shown). These findings indicate that the inhibitory effects of LO are the result of its ability to promote an increase in IB␣ stability. LO inhibits IKK activation. Given the observed roles of the two upstream IKKs in targeting IB␣ for phosphorylation and decay in ras-transformed cells (3), kinase assays were carried out to measure the effect of LO on their activities. As substrates, we used GST fusion proteins of either WT IB␣ or Ser32/36A double-mutant IB␣, which cannot be phosphorylated by the IKK kinases, as a negative control (Fig. 6 ). WT and ras-transformed NIH 3T3 cells were transiently transfected with LO expression vector or its parental empty vector DNA. After 72 h, extracts were prepared, immunoprecipitated with antibodies against either IKK␣ or IKK␤, and subjected to kinase assays. Both IKK␣ and IKK␤ activities were detected in WT and RAS cells transfected with the empty vector, with a somewhat higher activation level of IKK␤ in ras-transformed cells (Fig. 6) . Expression of LO inhibited both IKK␣ and IKK␤ activities in both cell lines (Fig. 6) . The measurement of IKK␣ and IKK␤ activities appeared to be specific since essentially no activity was detected with the Ser32/36A mutant IB␣-GST protein as a substrate (Fig. 6) . The presence of equal amounts of IKK and GST proteins was verified by Coomassie blue staining of the gel. An anti-rabbit immunoglobulin G was used as control to confirm IKK immunoprecipitation by their respective antibodies. These results indicate that LO expression leads to the inhibition of both IKK␣ and IKK␤ kinases.
To address the roles of IKK␣ or IKK␤, we next sought to determine whether their constitutive expression could reestablish NF-B activation in the presence of LO. WT and RAS cells were cotransfected with LO or its empty vector in the presence of constitutively activated forms of IKK␣ (IKK␣ SS/ EE) or IKK␤ (IKK␤ SS/EE) or their empty vectors pRC ␤-actin and pCMVneo, respectively. Expression of LO led to the expected decreases in activation of NF-B activity in the WT and RAS cell lines, i.e., 2.7-to 3.4-fold and 3.7-to 4.5-fold decreases, respectively (Fig. 7) . Overexpression of constitutively active forms of IKK␣ or IKK␤ enhanced NF-B basal activity in WT cells from 3.2-to 6.0-fold and 3.5-to 8.9-fold, respectively, while having little effect on NF-B activity in RAS cells, a finding consistent with the activation of the kinases seen above in the untreated cells (Fig. 7) . Constitutively active IKK␣ partially reestablished NF-B activation in the presence of LO in WT and RAS cells, whereas IKK␤ SS/EE expression vector led to an almost complete rescue from LO-mediated inhibition of NF-B activity in both WT and RAS cell lines (Fig. 7) . Taken together, these results indicate that LO is able to inhibit activation of both IKK␣ and IKK␤ by serum and Ras. Moreover, constitutively activated forms of IKK␣ and IKK␤ are able to counteract the inhibitory effects of LO on NF-B activation, indicating that LO targets IKKs, which likely provide a mechanism leading to the increase of IB␣ half-life and inhibition of NF-B seen above. LO partially inhibits the Raf/MEK pathway activated by Ras. The oncoprotein Ras has been previously described to activate NF-B through the induction of two distinct upstream signaling pathways: PI3K/Akt and Raf/MEK (3). To further evaluate which ras-activated pathways are affected by the expression of LO, we employed vectors expressing ras mutants known to selectively activate only one pathway. RasV12S35, RasV12C40, and RasV12G37 mutants have been shown to interact only with PI3K (p110␣), Raf, and Ral.GDS, respectively (3, 58) . WT cells were also transfected with a vector expressing the constitutively activated form of Ras, RasV12, which is capable of interacting with all of the known Ras effectors or parental vector pSG5. The expression of RasV12 led to a 16.4-fold induction in NF-B activity, compared to the 2.6-fold induction seen with parental pSG5 DNA (Fig. 8) . Expression of LO significantly decreased this induction to 7.5-fold (Fig. 8) . As expected, expression of the RasV12S35 and RasV12C40 mutant Ras proteins induced NF-B activation to a lower extent, 8.0-and 10.3-fold, respectively (Fig. 8) . Coexpression of LO was able to effectively decrease luciferase activity induced by PI3K, i.e., from 8.0-to 2.1-fold (Fig. 8) , but only able to slightly decrease luciferase activity induced via Raf, i.e., from 10.3-to 8.3-fold (Fig. 8) . Finally, expression of the RasV12G37 mutant had only a marginal effect on NF-B activity compared to the parental pSG5 vector (3.7-versus 2.6-fold). Together, these results demonstrate that LO is able to potently inhibit ras activation of NF-B by the PI3K/Akt pathway, while only partially reducing activation via the Raf/ MEK pathway.
We next sought to determine whether LO can affect the Raf/MEK pathway activated by ras. WT and RAS cells were transfected with an empty vector or the vector expressing LO and then treated for 1 h with a 100 M concentration of the MEK selective inhibitor PD98059 or the same volume of vehicle dimethyl sulfoxide, and whole-cell extracts were prepared. MEK activity was assessed by immunoblot analysis of the serine-phosphorylated form of the downstream MEK targets Erk-1 and Erk-2 (Fig. 9A ). An increase of MEK activity was noted in cells expressing Ras, compared to the WT cells, a finding consistent with the ability of Ras to induce MEK activity in NIH 3T3 cells. As expected, incubation with PD98059 markedly decreased the phosphorylation of Erk-1 and Erk-2 in both cell lines (Fig. 9A) . Upon expression of LO, the phosphorylated forms of Erk-1 and Erk-2 were barely detectable in WT cells, while in RAS cells the MEK activity was partially inhibited, although to a lower extent than that caused by PD98059 treatment (Fig. 9A) . Equal loading was confirmed by probing the blot with an antibody that recognizes total Erk-1 and Erk-2 (Fig. 9A, lower panel) . LO expression was also confirmed by probing the membrane with a specific antibody to LO (Fig. 9A, upper panel) .
To further investigate the ability of LO to inhibit the Raf/ MEK pathway activated by Ras, the vector expressing a constitutively active form of Raf, ⌬Raf-22W, obtained after truncation of the NH 2 -terminal region of Raf, or its counterpart, empty pZIP-NeoSV vector DNA, was cotransfected with the vector expressing LO or its parental vector in WT and RAS cells (Fig. 9B) . Expression of the constitutively active form of Raf ⌬Raf-22W induced luciferase activity in both WT and RAS cells, suggesting that this pathway is not fully activated in the RAS cells (Fig. 9B) . LO was able to partially inhibit NF-B activation mediated by ⌬Raf-22W, suggesting that LO only partially affects ras-activated MEK in NIH 3T3 cells.
LO inhibits PI3K/Akt pathway activation by Ras. To evaluate the ability of LO to inhibit the PI3K pathway, we compared its effects with a vector expressing ⌬p85, a dn version of the p85 subunit of PI3K. Whole-cell extracts were prepared from cells transfected with LO or ⌬p85 expression vectors or empty vector DNA, and the PI3K activity was assayed (Fig.  10A ). Immunoblot analysis of the phosphorylated form of the downstream PI3K target Akt was performed with an antibody specifically recognizing the phosphorylated serine 473 of Akt. An increase of PI3K activity was noted in cells expressing Ras compared to the WT cells (Fig. 10A) , a finding consistent with the known ability of Ras to induce PI3K activity (36) . As expected, ⌬p85 expression markedly decreased the phosphorylation of Akt in both cell lines (Fig. 10A) . Expression of LO caused a similar marked inhibition of PI3K activity (Fig. 10A) . To verify equal loading, the same membrane was probed with an antibody against total Akt (Fig. 10A) . Furthermore, the membrane was probed with a specific antibody against LO in order to verify LO expression in transfected WT and RAS cells (Fig. 10A) . As expected, basal levels of LO were higher in untransfected WT than in RAS cells, and the LO expression vector led to an increase of LO expression in transfected WT and RAS cells. Thus, LO inhibits PI3K activity to a similar extent as the dn ⌬p85 subunit.
To determine whether LO is also able to inhibit Akt activity, whole-cell extracts were prepared from cells transfected with LO expression vector or its parental empty vector DNA and subjected to kinase assays with the GST fusion protein of the Akt downstream target GSK3␣ (Fig. 10B) . Cells expressing Ras displayed an increased amount of Akt activity compared to WT cells, as expected. In both RAS and WT cells, a decrease in Akt activity was noted upon expression of LO (Fig. 10B) . Taken together, these results indicate that LO blocks the activation of the PI3K/Akt pathway by Ras.
Ectopic expression of myristylated forms of Akt or PDK1 can overcome the inhibition of NF-B activity by LO. Akt kinase activity has been shown to be regulated by the phosphoinositide-dependent kinase-1 (PDK1), which is recruited to the membrane by PI3K-induced formation of phosphatidylinositol 3,4,5-triphosphate (PtdIns-3,4,5-P 3 ) and phosphatidylinositol 3,4-biphosphate (PtdIns-3,4-P 2 ) (72). To be activated, Akt needs to form a plasma membrane-bound complex with PDK1 FIG. 9. LO partially inhibits MEK activation. (A) WT and RAS cells were transfected with 1 g of LO or parental empty expression vector as described above in Fig. 5 . At 71 h after the addition of FBS to a final concentration of 10%, 100 M PD98059 or the equivalent carrier dimethyl sulfoxide was added for 1 h, and whole-cell extracts were prepared. Samples (50 g) were analyzed by immunoblotting with anti-threonine/tyrosine phosphorylated Erk1/2 specific antibodies. LO expression was confirmed by immunoblotting with a specific LO antibody (upper panel). Membranes were stripped and reprobed with anti-Erk1/2 mitogen-activated protein kinase antibodies to confirm equal loading (lower panel). (B) WT and RAS cells were transfected, in triplicate, with 1 g of NF-B-luciferase reporter plus 0.5 g of SV40-␤-Gal expression vector in the absence or presence of 1 g of a constitutively active form of Raf (⌬Raf-22W) or parental empty vector, as indicated. The values for luciferase were normalized according to the ␤-Gal activity. The results are expressed as the mean fold induction of luciferase activity Ϯ the SD obtained in three separate experiments. (72) . To confirm the inhibitory effects of LO on the PI3K/Akt pathway, we sought to determine whether expression of a constitutively activated myristylated (membrane bound) version of either Akt (M-Akt) or M-PDK1 could counteract the effects of LO on NF-B activation. WT and RAS cells were transiently transfected with LO expression vector or its parental empty vector DNA in the presence of a vector expressing M-Akt (Fig.  11A) or M-PDK1 (Fig. 11B) or their empty vector DNAs. As expected, transfection of the empty vector did not affect the levels of NF-B activation. Serum stimulation led to a 3.2-fold increase and to a 8.8-fold induction of luciferase activity in WT and RAS cells, respectively, and the expression of LO reduced it to a 1.5-and to a 2.8-fold induction of luciferase activity, respectively (Fig. 11A) . Expression of the M-Akt led to an increase from a 3.2-to a 8.2-fold induction of luciferase activity in WT cells, whereas its expression did not affect NF-B activation in RAS cells, a finding consistent with its activated state in these cells as seen above. LO was unable to inhibit NF-B activation in either WT or RAS cells in the presence of M-Akt (Fig. 11A) , indicating that the constitutive activation of Akt via forced membrane localization counteracts the inhibitory effects of LO on NF-B activation. Similarly, the expression of (Fig. 11B) . Overall, these findings indicate that the membrane association of both Akt and PDK1 prevents LO inhibitory effects, suggesting LO may affect Akt/PDK1 complex formation at the plasma membrane level. LO prevents membrane localization of Akt and PDK1 induced by Ras. We next sought to test directly whether LO affects the membrane localization of Akt and/or its partner PDK1. WT and RAS cells were transiently transfected with GFP-tagged Akt (Fig. 12A) or PDK1 (Fig. 12B) . In addition, for RAS cells, LO or its empty vector was cotransfected as indicated. Cultures were incubated overnight under serum starvation conditions. As a control for Akt and PDK1 membrane localization, transfected WT cells were stimulated with 200 nM insulin for 5 min. Fluorescence microscopy was used to visualize GFP-Akt or GFP-PDK1. In serum-deprived WT cells, GFP-Akt was found in the cytoplasm and nuclei, and insulin stimulation led to a substantial increase in Akt membrane localization (Fig. 12A) . In contrast, RAS cells showed constitutive membrane-bound Akt, a result comparable to that found in insulin-stimulated WT cells. Ectopic expression of LO caused dissociation of Akt from the membrane (Fig. 12A) . GFP-PDK1 was seen exclusively in the cytoplasm of WT cells, whereas it was localized to the membrane in RAS cells (Fig.  12B) . Insulin stimulation of WT cells led to membrane translocation of GFP-PDK1, a result comparable to that found constitutively in serum-deprived RAS cells (Fig. 12B) . Importantly, LO expression inhibited membrane localization of PDK1 in RAS cells (Fig. 12B) . Thus, the membrane localization of Akt and PDK1 that is constitutively induced by Ras in NIH 3T3 cells is inhibited by LO. Together, these results suggest that the LO-mediated inhibition of Ras-induced NF-B activation and transformation results from its ability to release the PDK1/Akt complex from the plasma membrane.
DISCUSSION
We show here for the first time that LO blocks the induction of NF-B binding and transcriptional activity by oncogenic Ras in NIH 3T3 cells by inhibiting the PI3K/Akt and Raf/MEK signaling pathways and thereby reverting transformed phenotype. LO decreased the phosphorylation and turnover of IB␣ and expression of the NF-B target c-myc gene. Ras activated both the IKK␣ and IKK␤ kinases in the NIH 3T3 cells, as we had observed previously in rat liver epithelial cells (3). LO inhibited both activities but had an apparently stronger effect on IKK␣. Two distinct pathways of activation of NF-B by Ras have been demonstrated, i.e., the PI3K/Akt and Raf/MEK pathways (3, 33, 36, 58) . LO was found to strongly inhibit Ras-mediated activation of the PI3K and Akt kinases, while having more modest inhibitory effects on the MEK kinases. LO was found to block Ras-mediated membrane localization of both Akt and PDK1. Furthermore, we showed that LO and the NF-B super-repressor IB␣ decreased growth in soft agar of ras-transformed NIH 3T3 cells to nearly the same extent; the slight difference may be attributed to the incomplete inhibition of the Raf/MEK signaling pathway by LO. Importantly, ectopic expression of p65/p50 ablated the ability of LO to inhibit the transformed phenotype of the Ras cells. Overall, these results strongly argue that the anti-oncogenic effects of LO on ras- FIG. 12 . LO prevents constitutive membrane localization of Akt and PDK1 induced by Ras. WT and RAS cells were transfected with 2 g of GFP-tagged Akt (A) or GFP-tagged PDK1 (B) constructs. RAS cells were cotransfected with LO expression vector (RAS ϩ LO) or its empty vector DNA (RAS). Cells were incubated overnight under serum starvation conditions. Where indicated, WT cells were stimulated with 200 nM insulin for 5 min as a control for Akt (A) and PDK1 (B) membrane localization (WT ϩ insulin). Akt and PDK1 cellular localization was visualized by fluorescence microscopy as described in the Materials and Methods. mediated transformation are due to its ability to inhibit NF-B activation.
The ras recision gene (rrg) was identified as a cDNA species that was dramatically reduced upon transformation of mouse NIH 3T3 cells by LTR-c-Ha-ras and was reexpressed upon interferon-mediated reversion of the transformants (12) . The demonstration that mouse rrg and rat LO cDNA sequences were identical provided a direct molecular link between LO and transformation (34) . More recently, Giampuzzi et al. have shown that downregulation of LO induces transformation of NRK-49F cells characterized by a constitutive activation of Ras (24) . Altogether, these data strongly support the hypothesis that LO is a tumor suppressor gene, which is able to downregulate oncogenic Ras activity. Our results provide the first evidence that the anti-oncogenic effects of LO are mediated by its ability to inhibit the activation of NF-B. NF-B has been shown to play an important role in the development of cancer and metastasis (54) . Many primary human tumors and derived cell lines display either increased NF-B nuclear levels or reporter activity compared to nontransformed tissue or cell lines, including breast cancer, cutaneous T-cell lymphoma, adult T-cell leukemias, acute lymphoblastic leukemia, and pancreatic adenocarcinomas (6, 19, 52, 59, 66, 75) . In parallel, both the important contributions of aberrant Ras activation in the promotion of a large spectrum of tumors and the ability of Ras to activate NF-B have been extensively documented (1, 7, 21, 22, 44) . Interestingly, several studies have shown that the PI3K pathway is crucial for transformation by Ras (58, 61). Baldwin's group has recently shown that the major oncogenic pathway for Ras is mediated via activation of NF-B through Akt, and not through Raf (43, 50) . Furthermore, both NF-B and Akt have been associated with promotion of cell survival (reviewed in references 18, 54, and 65). The ability of LO to potently inhibit the PI3K/Akt pathway may then explain its ability to very effectively inhibit a transformed phenotype, as evidenced by anchorage-independent growth. Interestingly, Krzyzosiak et al. have reported that, after treatment with azatyrosine, rastransformed and Her-2/neu-transformed NIH 3T3 cells convert to a flat, revertant cell phenotype and rrg is reexpressed, suggesting that LO has tumor suppressor effects on Her-2/neuinduced tumor as well (39) . We have recently shown that Her-2/neu also activates NF-B through the activation of the PI3K/Akt signaling pathway (52) . Thus, LO represents a potentially important therapeutic inhibitor of NF-B via its ability to prevent activation of the PI3K/Akt/NF-B pathway by Ras and possibly other oncogenes such as Her-2/neu.
The regulation of LO expression is only poorly understood. Kuivaniemi et al. first observed deficient LO production in a variety of malignantly transformed cells (40) . The loss of LO expression has been noted during progression of prostate and colorectal cancers (14, 56) . Conversely, increased LO expression was found in spontaneous revertants of H-ras-transformed rat fibroblasts (26) . In the present study, reduced LO was similarly observed in the ras-transformed cells. Interestingly, inhibitors of PI3K and MEK kinases had no effect on LO levels ( Fig. 8 and 9 ), indicating these signaling pathways do not play a role in the regulation of LO expression. Interestingly, Tan et al. have shown that the LO gene is a transcriptional target of the anti-oncogenic transcription factor IRF-1, indicating that interferon induces the expression of LO through the Stat-1/ IRF-1 pathway (68), although this finding has been somewhat controversial and is apparently dependent upon the cell type used (13, 57) . More recently, the stimulation of LO expression by platelet-derived growth factor has been shown to be dependent upon the PKC-MEK-MAPK signaling pathway (63) . Work is in progress to further elucidate the factors induced by Ras-mediated transformation that lead to inhibition of LO expression in NIH 3T3 cells.
Although LO has many known extracellular and cellular functions, little information was available on the molecular mechanism(s) of its action to inhibit ras signaling pathways. LO is secreted as a precursor, which is processed extracellularly to active enzyme (69) . The LO enzyme can modify lysines on extracellular elastin and collagen proteins, which permits the covalent cross-linking that facilitates their deposition into an insoluble matrix; this processing occurs in proximity to the cell membrane (32) . More recent studies have also been shown that LO can localize to the nuclei (15, 41, 49) and regulate transcription (23) . In addition, LO has also been found in association with fine filamentous structures in the cytoplasm of fibroblasts, a finding consistent with localization with cytoskeletal proteins (32, 74) . Thus, various workers have speculated that LO inhibits Ras signaling by altering or preventing either the recruitment or the association of Ras, Raf, PI3K, PDK1, and/or Akt to the inner surface of the plasma membrane, which is critical for their activation (9, 30, 37, 45, 67) or subsequent signaling steps, or by stimulating an antagonist, such as the 14-3-3 protein (42) or the plasma membrane protein SHK-1 (48) , which were recently shown to inhibit the recruitment of Raf and Akt to the plasma membrane, respectively. We show here that myristylation of either Akt or PDK1, which leads to their constitutive binding to the plasma membrane, counteracts the inhibitory effects of LO, in a PI3K-independent manner. Moreover, we demonstrated that LO is able to block the membrane recruitment of GFP-tagged Akt and PDK1 that is constitutively induced by Ras in NIH 3T3 cells. Overall, our findings strongly suggest that LO inhibition of Ras transformation is mediated by its ability to block the membrane recruitment of Akt and PDK1, indicating that LO inhibits PI3K and the formation of the second messengers PtdIns-3,4,5-P 3 and PdtIns-3,4-P 2 . In turn, LO leads to inhibition of the activation of NF-B, a crucial factor mediating transformation by Ras.
